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Introduction
Mobile traffic has been continuously increasing and this trend is expected to continue. Especially, mobile video services have become widespread over recent years and it is expected that the mobile video traffic will capture about 80% of the total mobile traffic [1] . The quality of service (QoS) of the mobile video services is mainly determined by distance between transmitters and receivers as well as data transmission rate [2] - [6] . Wider channel bandwidth can easily increase data transmission rate but radio spectrum is a scare radio resource [7] . Although some advanced technologies such as multiple input and multiple out (MIMO) and small cell systems can efficiently use the limited radio spectrum by improving spectral efficiency [8] , [9] , it has limitations in improving latency. Alternatively, device-todevice (D2D) communications have been attracting plenty of interest because they can improve both data transmission rate and latency simultaneously [10] - [13] . In particular, a D2D underlaid cellular network has received much attention from both industrial and academic communities because it can achieve much higher spectral efficiency by allowing the D2D communications to share the same spectrum with the conventional cellular communications.
One of the most challenging issues of D2D underlaid cellular networks is the cross-interference between cellular and D2D communications [14] - [24] . The cross-interference can be mitigated by three major types of solutions such as transmit mode selection [14] - [16] , radio resource control or optimization for a given transmit mode [17] - [20] , and power control [21] - [24] . In cellular-aided D2D networks, the data exchange between devices can be carried out in three different modes such as orthogonal mode (OM), non-orthogonal mode (NOM), and cellular mode (CM). In OM, D2D communications use dedicated resources orthogonal to cellular communications, while they share the same resources with cellular communications for higher spectral efficiency in NOM. In CM, the data exchange between devices is carried out via cellular infrastructure such as BS. [14] investigated a switching criterion between CM and NOM for D2D devices by considering network information such as link gains, noise levels, and signal-to-interference-ratio (SINR). The optimization among the three different modes was also investigated to maximize the sum-rate of the D2D underlaid cellular network [15] , which was extended to multiple-input multiple-output (MIMO) environments [16] . [17] - [19] and [20] investigated the management or optimization of radio resource usage for NOMs and OM, respectively. On the other hand, several studies focused on another approach based on the concept of power control to resolve the cross-interference problem in cellular underlaid D2D networks [21] - [24] . [21] proposed a distributed power control scheme for D2D communications in NOM to minimize the consumption of power for a given sum-rate constraint. [22] investigated a centralized power allocation scheme by considering both transmission delay and the sum-rate of D2D communications in NOM. However, these power control schemes inevitably cause serious computational complexity to calculate transmit power levels and signaling overhead to notify D2D transmitters of the power levels because the transmit power levels are real positive continuous numbers. To reduce the complexity and signaling overhead, binary power control schemes were Copyright © 2018 The Institute of Electronics, Information and Communication Engineers investigated in [23] , [24] . [23] proposed a binary power control scheme in NOM and analyzed the performance in terms of outage probability. [24] also proposed a binary power control scheme in a limited NOM with single D2D pair. Although binary power control schemes can greatly reduce complexity and signaling overhead compared to conventional power control schemes, they still require high complexity to select an optimal set of D2D transmitters for each power level because it is a combinatorial problem. In this paper, we thus propose a low-complexity on-off power control scheme. Contrary to conventional binary power control schemes, the proposed scheme has a linear complexity yielding near optimal sum-rates and can also guarantee the QoS of cellular communications by strictly controlling the total amount of interference caused by D2D communications to be less than I th . We first investigate an optimal on-off power control scheme to guarantee the QoS of cellular communications. Then, we analyze the performance of the proposed low-complexity on-off power control scheme in terms of sum-rate as well as complexity, which are compared with those of the optimal on-off power control. To the best of our knowledge, the complexity of power control schemes has not been investigated in any previous research. The rest of this paper is organized as follows. In Sect. 2, system and channel models are described. In Sect. 3, the proposed on-off power control scheme is described. In Sect. 4, the performance of the proposed scheme is investigated in terms of average sumrate and computational complexity. Finally, conclusions are drawn in Sect. 5. Figure 1 depicts a D2D underlaid cellular network, which consists of a cellular BS, a cellular user equipment (UE), and N D2D pairs. It is assumed that the BS allocates each radio resource for cellular communications and then D2D communications reuse the same radio resource with the cellular communications to enhance spectral efficiency of the network. Uplink (spectral) resources are known to be more appropriate to be shared than downlink resources because of asymmetric traffic loads between uplink and downlink, and strong interference mitigation capability of the BS [18] , [25] . All cellular and D2D UEs are assumed to associate with a single BS to exchange cellular data and control messages. Each D2D UE is assumed to be paired with its partner based on the proximity prior to D2D communications † .
System and Channel Models
The channel coefficient between transmitter i and receiver j is denoted by h i j , where i, j ∈ {1, 2, · · · , N, c}. i = c and j = c denote the cellular UE and the BS, respectively. h i j is assumed to follow i.i.d. CN (0, λ i j ) for all i and j. The effect of path loss can be incorporated into λ i j . We assume that the transmit power of all D2D devices and cellular UE † It is assumed that the D2D pairing can be coordinated by the BS. However, the detailed procedure of the pairing is beyond the scope of this paper. Thus, we focus on the power control for given D2D pairs. is set to P. The cellular UE is assumed to always transmit its data regardless of the presence of D2D transmission, while D2D transmissions are controlled by the BS. For on-off power control, the transmit power of the D2D transmitters is determined as 0 or P in a specific instance. Let N 0 denote the variance of thermal noise at D2D receivers. Then, the signal to noise plus interference ratio (SINR) at the i-th (D2D) receiver γ i is given by
where ρ = P/N 0 denotes the transmit signal-to-noise ratio (SNR), and I i is an indicator function to indicate the activity of the D2D transmitter i. If the transmitter i is activated to transmit data, I i = 1. Otherwise,
Then, the sum-rate of a D2D underlaid cellular network is defined as
The received interference at the cellular BS caused by D2D transmitters is given by
which is supposed to satisfy the following constraint
to protect the cellular uplink communication. I th denotes an interference threshold imposed by the cellular BS. Normalized by N 0 , (3) can be rewritten by
All channel gains among D2D UEs are assumed to be known to the BS by pilot signal exchange and feedback mechanism.
Proposed On-Off Power Control Algorithm
Satisfying the interference constraint in (4), the BS can determine the optimal I for maximizing the sum-rate in (2) as 
; 9: n ++ ; 10:
end if 11: end for 12: n * = arg max 1≤i≤n C prop (i);
follows:
Note that I * consists of N binary numbers and it can be obtained by an exhaustive searching algorithm. Thus, the computational complexity at the BS increases exponentially as N increases although it significantly reduces the signaling overhead compared with the conventional power control algorithms.
Hence, we propose a simple but effective on-off power control algorithm with low (computational) complexity, as summarized in Algorithm 1. In the proposed algorithm, the BS constructs a candidate set E which consists of D2D pairs satisfying the interference constraint as follows:
Then, the BS sorts the D2D pairs included in the candidate set in a descending order according to the channel gain between D2D transmitter and D2D receiver.Ê denotes the sorted candidate set. Thus,
whereÊ (k) and |E | denote the k-th element ofÊ and the cardinality of E, respectively, and |E | = |Ê |. The BS checks if the interference constraint in (4) is satisfied by increasing the number of active D2D pairs one by one fromÊ (1) tô E (|E |). When the interference constraint is violated, the BS terminates the iteration. The number of executed iterations before the termination is denoted by n. Finally, the BS determines the optimal value n * maximizing C prop (i) for 1 ≤ i ≤ n, and the index set of the D2D pairs allowed to transmit data is determined as I * prop {Ê (1), · · · ,Ê (n * )}. For a given E, the optimal algorithm based on exhaustive searching and the proposed algorithm require (2 | E | − 1) and |E | iterations, respectively. Thus, the complexity ratio of the optimal algorithm to the proposed algorithm η is defined as
can be calculated as
where Pr[|E | = n] denotes the probability that the cardinality of E is n and the averaging is carried out based on a condition of |E | 0 because η can be only defined for |E | 0.
Numerical Results
In this section, the performance of the proposed on-off power control algorithm is investigated in terms of average sum-rate and computational complexity, and compared with those of the optimal on-off power control algorithm. Figure 2 shows the average sum-rate performance and the computational complexity of the proposed algorithm and optimal algorithm for varying SNR values. For numerical simplicity, we assume that all wireless channels are i.i.d. and λ i j = 1 ∀ i, j. Thus, |h i j | 2 is exponentially distributed with a unit mean. A D2D pair can satisfy the constraint given in (6) 
Substituting (10) into (9), we obtain (11).
In addition, to quantify the performance degradation of the ON-OFF power control approach, we also analyse the average sum-rate of another approach using continuous transmit power. In the continuous transmit power scheme, each D2D transmitter can adjust its transmit power so that the interference constraint can be always satisfied regardless of channel coefficients. The transmit power of each D2D transmitter i in the continuous transmit power scheme can be determined by
It is assumed that I th = 3 dB and N = 5 or 15. First of all, the proposed algorithm achieves similar sum-rate to that of the optimal algorithm over SNR values especially when N is small. In particular, the proposed algorithm yields near optimal performance in low and high SNR regimes. The sumrate increases as SNR increases in low-SNR regime, while it decreases as SNR increases in high-SNR regime. The number of D2D pairs satisfying the interference constraint decreases as SNR increases in high-SNR regime, which reduces multi-user diversity gain in high-SNR regime. Interestingly, there exists an optimal SNR value that achieves the maximum average sum-rate for given N and I th in Fig. 2(a) and thus the average sum-rates of both proposed and optimal algorithms become concave functions according to SNR. The average complexity ratio derived in (11) is shown in Fig. 2(b) , and the mathematical analysis is also validated by Monte-Carlo simulations. It is shown that the proposed algorithm has significantly lower computational complexity than the optimal algorithm, especially when N is large or SNR is low. For example, when SNR=−5 dB and N = 15, the complexity of the optimal algorithm is approximately 2 × 10 3 higher than the proposed algorithm, while the proposed algorithm achieves 98% sum-rate of the optimal algorithm. It is also shown that the on-off power control scheme causes the performance degradation compared with the continuous transmit power scheme. However, the continuous transmit power scheme inevitably causes extra overhead for signalling power values. In addition, the performance gap between two approaches almost disappears for low SNR values. Figure 3 shows the sum-rate performance and the computational complexity of the proposed algorithm and the optimal algorithm for various numbers of D2D pairs N in the network when the wireless channels are non-i.i.d. and I th = −40 dBm or −50 dBm. The D2D pairs (2N D2D UEs) are assumed to be distributed uniformly within a circle with radius R. The average channel gain λ i j is determined by min(1, d −α i j ), where d i j (0 ≤ d i j ≤ 2R) and α denote the distance between transmitter i and receiver j and a path loss exponent, respectively. It is assumed that R = 100 m, α = 4, the transmit power of D2D UEs is equal to 23 dBm, the noise spectral density is equal to −174 dBm/Hz, and channel band- width is 10 MHz. As shown in Fig. 3(a) , the proposed algorithm yields nearly the optimal average sum-rate especially when N is small or I th is low. Although the optimal algorithm outperforms the proposed algorithm as N or I th increases, the gap is marginal. For the proposed scheme with N = 14, we can achieve approximately 89% and 88% of the optimal average sum-rate when I th = −40 dBm and −50 dBm, respectively. Note that Fig. 3(a) also shows the sum-rate ratio of the proposed scheme to the optimal scheme in the right vertical axis. Figure 3(b) shows the complexity ratio of the optimal algorithm to the proposed algorithm according to the number of D2D pairs in the network. Obviously, the complexity ratio increases as N or I th increases because the number of D2D pairs allowed to transmit data increases as N or I th increases. In addition, the performance gap between two approaches is marginal in non-i.i.d. environments.
Conclusions
We studied a cellular underlaid D2D network, where D2D communications share a radio spectrum with conventional cellular uplink communications for higher spectral efficiency. Thus, the D2D communications should be carefully regulated to protect the quality of the cellular uplink communications. For secure communications of the D2D underlaid cellular uplink, we considered an on-off power control scheme with low signaling overhead. We first investigated an optimal on-off power control scheme and proposed a suboptimal on-off power control scheme which can dramatically reduce computational complexity compared to the optimal scheme. Our analyses and simulations confirmed that the proposed scheme can achieve near optimal average sum-rate in low or high SNR regimes, while significantly reducing the excessive computational complexity of the optimal scheme. The practicality and effectiveness of the proposed scheme was also verified in a practical environment with non-i.i.d. channels.
